Thin films of Al, Sc-co-doped ZnO varying with Sc-contents were sputtered on the glass substrate. X-ray diffraction (XRD) of the films revealed wurtzite crystals that were confirmed through the analysis of high resolution transmission electron microscopy (HRTEM). With increasing the Sc-content from 0 to 2.37 wt% in the films, the optical energy band gap (Eg) was estimated to decrease from 3.25 to 3.20 eV, and the electrical resistivity (Ω-cm) decreased from 3.8 x
Introduction
Transparent conductive thin film based on zinc oxide (ZnO) becomes more competitive than that of indium doped tin oxide (ITO) for use in the photonic industries, due to better electronic matching, inexpensive and rich-reserved elements such as Zn and Al that are non toxic as compared to In and Sn in ITO.
As a result, there has been a considerable impetus to develop transparent conducting oxide films based on ZnO. Elements such as B, Al, Ga, In (Group IIIA) [1] , Si, Ge (Group IV A) and Ti, Zr, Hf (Group IV B) [2] were doped in the ZnO films to investigate their structures and properties. In ternary transparent conductive oxides (TCO) containing the doping element, Zn and O such as Zn 2 In 2 O 5 [3] , ZnO-In 2 O 3 [4] , the element doped was dilute in concentrations.
films was upmost to 0.03 wt% even the target of Al-1.07wt. %Sc alloy with the highest Sc-content was chosen. Although the Sc-content in the Al, Sc co-doped ZnO films was very dilute, the effect of Sc on the structure and characterization of the films was tremendous. In this present work, we tried to increase the Sc concentration in the Al, Sc co-doped ZnO films to study the change in the structure and characterization of the films. Since there is a maximum solubility of Sc in the Al-Sc alloys, the two-target system using pure ZnO and Al-Sc alloy was avoided. A sputtering system where three targets such as pure ZnO, Al and Sc was set up for preparing the films. The structure and the property were studied.
Experimental
The Sc-doped AZO films were prepared with a sputtering system where RF and two DC were served as the power sources. A target of zinc oxide (ZnO, 4N) was sputtered with RF at 200 W. Targets of pure aluminum (Al, 5N) and Sc (3N) were sputtered with DC fixing at 20 W for the former but varying at 0, 10, 20 and 25 W for the latter. Three targets were sputtered simultaneously to prepare the films varying in Sc-content by adjusting the DC power on the Sc-target. The PDF created with pdfFactory Pro trial version www.pdffactory.com accurately weighed film was dissolved completely into a mixture of 3ml sulfuric acid and 3 ml hydrochloric acid and 4 ml de-ionized water.
Results and Discussion

X-ray diffraction (XRD) of the films
The composition of the Al-doped ZnO and Al, Sc co-doped ZnO films is listed in Table 1 . The film on the specimen was dissolved in a mixture of sulfuric acid and hydrochloric acid and determined by ICP. The data in Table 1 demonstrate that the Sc concentration in the films increases with increasing the DC-power from 10, 20 to 25 W bombarded on the pure Sc-target. The intensity was higher for the (002) compared to (103) in the films free from Sc.
In the presence of Sc-dopant, the intensity of (002) Figure 2 is the bright field HRTEM image for the cross-section of the Al, Sc co-doped film containing 2.37wt%Sc. The nano-beam diffraction pattern at the selected area of the film is also shown in Fig. 2 . Because of complexity in the diffraction patterns, the resolution of the crystal structure of the film is incapable so far. Through examining the cross section of film, it consists of a variety of nano columns varying the diameters in the range from 5 to 50 nm, and revealing an average diameter at 12.5 nm. In our previous publications [7, 9] , the column diameter was found to be finer when a dilute Sc co-doped with Al in the ZnO. For instance, the column diameter decreased from 65 nm (in the Al-doped ZnO film) PDF created with pdfFactory Pro trial version www.pdffactory.com to 20 -30 nm (in the Al, Sc co-doped ZnO film containing 0.03 wt% Sc). In comparison, the average diameter of the columns is smaller (i.e., 12.5 nm) for the film containing 2.37wt%Sc compared to that containing 0.03 wt% Sc (20 -30 nm). In Fig. 2 , a number of horizontal streaks can be seen within the columns.
Microstructure examined through HRTEM
They are supposed to be the stacking faults resultant from the lattice misfits caused by Sc-dopants. Besides, some vertical dark fringes are present in the columns. They are supposedly belonging to crystal defects resultant from internal stresses. The formation of finer columns in which a lot of defects present could be illustrated by comparing the deposition rates of Sc (III), Al (III), Zn (II) and O (II) in the following.
Dependence of the microstructure on the deposition rates of sputtering
The deposition rates (nm/h) decreased with increasing the Ar gas pressure for all targets used. This can be explained in view of the fact that the increase in the gas pressure leads to a decrease in the mean free path of both atoms and ions which are present in the glow discharge. Consequently the probability of more collisions between gas species becomes higher which is associated with a great loss of ion energy and as a result a smaller number of atoms can be sputtered off the different targets leading to the observed decrease in the rate of PDF created with pdfFactory Pro trial version www.pdffactory.com deposition for the different films.
It can be noticed that deposition rates from the Sc target are greater than those from Al and ZnO targets at the all values of Ar gas pressure. This can be understood by the variations in the mass and energy of both target particles and gas atoms (ions).
It is known that the maximum energy (E max ) transferred by mass M 1 is energy E s on impact with another particle of M 2 is：
where
And E s is the energy of ejection (sputtering Arising from these simple calculations one would expect that, the sputtered Sc atoms to cool to the gas temperature and diffuse to the surrounding walls and PDF created with pdfFactory Pro trial version www.pdffactory.com the receiver faster than both Al, Zn and O atoms sputtered at the same conditions of gas pressure and transit distance. Accordingly, the deposition rates from the Sc target are higher than those obtained from both Al and ZnO targets, respectively. In the system by co-sputtering of the Al, Sc and ZnO targets, the higher deposition rate of Sc leads to the film consisting of a number of Sc particles that prefer nucleation rather than growth. Therefore, the columns in the Al, Sc co-doped ZnO films are refined. In addition, the deposition rate of Sc is so fast that the process is kinetic control thus involving many defects such as stacking faults and internal stress in the formation of wurzite crystals. Figure 3 exhibited the optical transmission spectra for all the sputtered films.
Optical properties
The transmittance of visible light was higher than 80 % and the variation of Sc-concentration in the films caused a little shift in the adsorption edge. In [12, 13] . Similar results were found in the AZO doped with dilute Sc [9] . Consequently, the shift of absorption edge in the transmission spectra seemed to be attributed to carrier concentrations, carrier distribution, film texture and defects present in the film.
. of scattering centers in the columns thus increasing the carrier mobility. Certainly, the intrinsic increase of deficient oxygen caused by Sc-dopant also contributes to decrease the electric resistivity of the films. In a word, Al, Sc co-doped in ZnO films resulted in decreasing of film resistivity.
Electrical properties
XPS Analysis of the films
Total spectra of XPS for the Al-doped ZnO and Al, Sc co-doped ZnO films were determined. In the Al, Sc co-doped ZnO films, the binding energy of Sc Besides the XPS for the elements Al and Sc, the XPS for oxygen was considered. 
The decreased with increasing the Sc-dopant from 0 to 2.37wt%Sc in the AZO film.
The increase in the electron concentration, electron mobility and stacking faults density leads to a tremendous decrease in the electrical resisitivity of the films.
XPS analysis indicated that the effect of deficient oxygen caused by Sc-dopant is less important. The conductivity enhanced in the films may be ascribed to numerous horizontal stacking faults present in the films induced by Sc-dopants. 
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